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ABSTRACT

Metal organic frameworks (MOF) are a variety of micro-porous materials which have high surface
area, and permanent porosity making them possible options as chromatographic stationary phases.
Herein we reported the synthesis and characterization of a new MOF structure and its utilization as
a stationary phase for thin layer chromatography (TLC). [Zn(BMAB).DMF], is a zinc-based MOF
with an organic linker consists of chemically distinct binding groups which is 4-{[(1h-1,2,3-
benzotriazol-1-yl)methyllamino}benzoic acid (BMAB). This MOF was synthesized using ultra sound
assisted reaction process, then activated via solvent exchange protocol to preserve its porous
structure. FT-IR, UV-diffuse reflection spectroscopy (UV-DRS) and differential scanning calorimetry
(DSC) were performed to characterize the synthesized MOF. Integrated data from "loss on
desolvation" and atomic absorption spectrophotometry (AAS) measurements were used to define
the chemical composition of the synthesized material. A specific surface area of 122.9 m2/g was
determined for the activated MOF using methylene blue langmuir isotherm method. TLC plates were
prepared from the activated form of the structure to investigate its chromatographic characteristics
by utilizing it to separate a model mixture of benzidine and o-tolidine using n-propanol: Chloroform:
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Acetonitrile (50:30:20, v/v/v) as a mobile phase. The retardation factors (Ry), separation factor, and
resolution (R;s) were determined via densitometric method at 310 nm to be 0.45 and 0.63 (a=2.08,
Rs=1.61) for o-tolidine and benzidine; respectively. The plate was then visualized using iodine
chamber method to confirm a successful separation.

Keywords: Metal Organic Framework (MOF); Thin Layer Chromatography (TLC); stationary phase;
micro-porous material; Differential Scanning Calorimetry (DSC); Specific Surface Area
(SSA); Atomic Absorption Spectroscopy (AAS); N,N-Di Methyl Formamide (DMF).

1. INTRODUCTION

Developing new stationary phases for
chromatographic techniques is of paramount
importance in order to expand their applications
and improve sensitivity and selectivity
parameters. In this area, thin layer chromate-
graphy (TLC) is preferable as a primary
technique to evaluate new stationary phases, as
it is considered less demanding and more rapid
[1]. Besides, the incorporation of densitometric
measurements in TLC makes it more appropriate
for quantitative evaluation [2].

Metal Organic Frameworks (MOFs), also known
as Metal Organic Coordination Networks
(MOCN:S), are a group of advanced micro-porous
polymers that consist of metal ions act as
connectors linking the organic ligands via metal-
ligand bonds to form the final structure [3]. The
part of the structure where the metal ions are
locked into position by forming mono- or poly-
nuclear complexes with the active part of the
organic linker is referred to as Secondary
Building Unit (SBU). This hybrid cluster
determines the direction and capacity of
reticulation to produce a specific structure [4].
When it comes to the organic ligands, the
majority of them consist of homogenous multi-
dentate organic linkers, which can be anionic
(like dicarboxylate ligands), cationic (such as
triazole-based linkers), or neutral [5]. However, a
few interest has been made to utilize linkers with
heterogeneous binding groups [6,7].

Most of these MOF structures are known to have
high surface area, permanent porosity and high
thermal and solvents  stability.  These
characteristics make it possible to utilize MOFs in
various applications including chromatographic
techniques [8]. Several metal organic
frameworks have been used successfully as
stationary phases in High Performance Liquid
Chromatography (HPLC) [9-12] and Gas
chromatography (GC) [13—16]. However, to the
best of our knowledge, only one MOF structure
has been reported in the literature as a TLC
stationary phase under the name DUT-67 [17].

In this article, the synthesis and characterization
of a new zinc based MOF are reported.
[Zn(BMAB).DMF], is described as pale white,
hydrophobic crystalline powder, which was
synthesized using Ultra-sound assisted reaction
procedure in N,N-Di methyl formamide-Water
solvent system. Several techniques were
employed to characterize the resultant MOF. In
addition to FT-IR, and DSC, which are usually
reported as MOF characterizing techniques,
diffuse reflection spectroscopy in the UV
range (UV-DRS) was also utilized. The latter
technique has been poorly reported for this
purpose [18], but was used in this work to
characterize the MOF structure and monitor the
desolvation process. "Loss on desolvation"
and AAS measurements were also applied for

the first time to define the chemical
composition of the synthesized MOF as
[Zn(BMAB).DMF],.. TLC plates were
prepared from this material to study its

chromatographic characteristics by employing
them to separate a model mixture of benzidine
and o-tolidine.

2. EXPERIMENTAL DETAILS
2.1 Materials

1H-Benzotriazole 98%, formaldehyde solution 37
wt. %, nitric acid 66%, and methylene blue.XH20
(X=2-3) were supplied from Sigma-Aldrich,
Germany. p-aminobenzoic acid 99%, and
Hydrogen peroxide 27% from Alfa-Aesar, USA.
N,N-Dimethylformamide  (DMF) 98%, and
Potassium hydroxide pellets 85% were supplied
from Rectapur Prolabo, EEC. Zink nitrate
hexahydrate [Zn(NO3)2.6H20] 99% pure from
Riedel-de Haen AG, Germany. Methanol,
isocratic HPLC grade from Scharlab S.L., Spain.
Acetonitrile and ethanol, gradient grade for Liquid
Chromatography, Merck KGaA, Germany. n-
hexane 95% HPS grade for HPLC, n-propanol
99% chemically pure, and lodine 99.5% were
supplied from Surechem products LTD.,
England. Chloroform 98.5% from POCH SA,
Poland. Benzidine base research grade, and o-
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tolidine analytical grade from Serva, Heidelberg,
Germany.

2.2 Apparatus

Elma Transsonic TI-H 10, sonication power 200
W (Elma Schmidbauer GmbH, Germany) was
used for the synthesis of BMAB ligand and MOF
material. NEY M-525 Series 2 oven (Yucaipa CA,
USA) was used for drying, thermal activation,
and "Loss on Desolvation" processes. FT-IR
spectra were recorded on Jasco FT/IR-4200.
Shimadzu “dual wavelength flying spot scanning”
densitometer CS-9301 PC (Tokyo, Japan, 2000)
(program version 2.00) was used for UV-DRS
scanning and densitometric measurements of the
plates after separation. Thermal measurements
were conducted using Linseis DSC-PT10 for
both activated and inactivated MOF. T70 UV/VIS
Spectrometer (PG instruments) was used for
spectrophotometric measurements to calculate
the specific surface area. Phoenix-986 AAS,
Sedico LTD. Was used for zinc determinations.
Camag TLC plate coater (hand operated) was
used to prepare TLC plates. Hamilton 1-yL
micro-syringe (Germany) was used to apply
samples on TLC plates. Wheaton Hellendahl
Staining Dish (7.5 x 2.5 x 7.5 cm) was used as a
TLC developing chamber.

2.3 Synthesis of the Organic Linker

The synthesis of 4-{[(1H-1,2,3-Benzotriazole-1-
yl)methyl]lamino}benzoic acid (BMAB)
(Mw=268.27 g/mol) (Fig. 1) was performed using
the ultra-sound assisted method described by
Alshaghel [19]. 1.19 g (10 mmol) of 1H-
benzotriazole and 1.37 g (10 mmol) p-
aminobenzoic acid were dissolved in 10 mL
ethanol:H,O (2:1, v/v) solvent system, and
sonicated for 5 mins. at 35 KHz. Frequency.
Then 0.9 mL (=10 mmol) of formaldehyde
solution was added. The mixture was sonicated
for another 5 mins. at the same frequency. After
that, the white precipitate was filtered, washed

N=—/N

I

with water, recrystallized in ethanol:H,O (2:1,
v/v), and dried at 70°C. (m.p.= 198-200°C).

2.4 Synthesis of [Zn(BMAB).DMF],

The synthesis of [Zn(BMAB).DMF], was
performed using sonochemical method. 0.4 g
(1.49 mmol) of the organic linker and 0.44 g
(1.49 mmol) of Zn(NO3),.6H,O were dissolved
separately in 15 mL DMF and 35 mL deionized
water; respectively. The two solutions were
mixed together in a round bottom flask, and then
sonicated for 30 mins. after adding 0.04 g (0.745
mmol) of KOH. The white precipitate was filtered,
washed twice with DMF, water, and methanol,
and dried at 40°C for 1 hr., and then at 120°C for
2 hrs.

2.5 Activation of [Zn(BMAB).DMF],

The activation (desolvation) of the above
synthesized MOF was performed using solvent
exchange method [20]. In a well-closed glass
tube, dried MOF was immersed in 5 mL n-
hexane for 3 days, with the solvent being
centrifuged and renewed every day. After that,
the powder was placed under vacuum at 200°C
for 3 hrs. to be completely desolvated.
26 TLC Plates Preparation and
Chromatographic Conditions

Glass slides (7.5%2.5 cm) were used to prepare
TLC plates of 100 ym thickness using Camag
TLC plate coater. This process achieved by
pouring a concentrated suspension of the
activated MOF in n-hexane (1 g/10 mL). TLC
plates were dried at 120°C for 1 hr.

A mixture solution of 1 mg/mL Benzidine and o-
tolidine in methanol were prepared. 2 pL-spot of
this solution was applied to the prepared plate
and developed wusing a mixture of n-
propanol:chloroform:acetonitrile (50:30:20, v/v/v)

OH

Fig. 1. The chemical structure and the binding groups of the organic linker BMAB
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as a mobile phase. The mobile phase was
let to develop for 5 cm then the plate was
dried and densitometric measurements
were applied to determine the retardation
factors (Rf) at A = 310 nm (linear, reflection
mode). Next, the plate was incubated in an
iodine chamber for 10 min. to visually confirm the
separation.

3. RESULTS AND DISCUSSION

[Zn(BMAB).DMF], was synthesized using simple
ultra-sound assisted method. Different ratios of
the solvent system (H,O:DMF) were used, with
the ratio of (70:30, v/v) gave the highest yield.
The synthesized MOF showed high hydrophobic
characteristics, high surface area, and good
thermal stabilty confirmed by  multiple
characterizing techniques. However, it revealed
low stability just upon synthesis, as the first step
of drying in no more than 40°C was necessary.
Also, it showed poor chemical stability in acidic
(pH<3) and alkaline (pH>9) solutions detected by
significant changes occurred in samples' weight
and FT-IR spectra after incubation (Fig. 2);
respectively.
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3.1 Characterization of [Zn(BMAB).DMF],

The FT-IR spectrum observed for the
synthesized organic ligand was identical with the
literature spectrum [19]. By comparing FT-IR
spectra for the organic linker and the synthesized
MOF (Fig. 2), the strong broad band in the range
of 3500-2500 cm™ that refers to —COOH group
in BMAB [21] was absent in MOF spectrum
where just a little broad band at 3394.1 cm’ " due
to the N—H bond stretching [21] was determined.
This can be attributed to that these carboxyl
groups have been coordinated into SBU
structures to form the coordlnatlon polymer. The
strong bands below 450 cm” in the MOF
spectrum refer to the presence of Zn—O/Zn—-N
coordination bonds [22]. The bands in the range
of 1700-1400 cm™ represent the stretching of
C=0/C=N/C=C bonds in both samples. Slmllarly,
bands in the range of 1400-1200 cm™ can be
assigned to the stretching of C-O/C-N/C-C
bonds and the bending of —-CH2 and —CH3
groups [21]. The two medium bands in the MOF
spectrum at ~2360 and ~2340 cm-1 refer to the
asymmetric stretching of the adsorbed CO, (CO,
double band) [23].
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Fig. 2. FTIR spectra of (a) BMAB organic ligand, (b) the synthesized MOF and (c) the
degradation product in alkaline solution
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Diffuse reflection spectra in the UV range (UV-
DRS) were observed using Shimadzu
densitometer for samples of inactivated and
activated MOF (Fig. 3-a) by spreading small
amounts of the dry, ground materials on a glass
plate and putting it into the instrument. These
spectra along with the Kubelka-Munk function
patterns (Fig. 3-b) were wused as a
complementary characterizing method and to
confirm the success of desolvation process.

—1)2
FR) =5 =50 (1)
Equation 1 represents the Kubelka-Munk

function, where K and S refer to the absorption
coefficient [Cm'1], and the scattering coefficient
[Cm'1]; respectively, and R is the detected diffuse
reflectance [18]. According to this equation, an
increase in the scattering coefficient corresponds
to a decrease in F(R) value, and that is why the
F(R) function decreased significantly for the
activated MOF sample in comparison with the
inactivated form, as the guest molecules removal
during the activation process increased the
surface area and pore volumes thus increasing
the scattering coefficient. This effect of activation
process on F(R) value was not observed at wave
lengths below 250 nm. This could be due to the
high absorptivity of the guest solvent (DMF) in
this range [24], which caused significant
decrease in K value upon activation. The DRS
spectra were used successfully as a
characterizing technique, as they showed high
repeatability between batches for both activated
and inactivated MOF samples.

Thermal characteristics were observed by
differential scanning calorimetry (DSC) in the
range 75-375°C with a heating rate of 10°C/min
(Fig. 4). By comparing DSC patterns before and
after activation, the success of activation process
can be confirmed. An endothermic peak was
determined for the inactivated MOF sample at
306.9°C. This peak represents the desolvation
process as it was not observed for the activated
sample. In addition, it is accompanied by a
significant weight loss according to "Loss on
Desolvation" measurements. The several
random peaks after 306.9°C in the DSC pattern
of inactivated material indicate framework
collapse after guest solvent removal. These
peaks were not observed in the activated MOF
sample, which confirms the importance of using
solvent-exchange protocol for the activation
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process and suggesting better thermal stability
for the activated MOF structure.

"Loss on desolvation" measurement was
employed to determine the weight percentage
(W%) of DMF in the synthesized MOF. Three 25
mg samples were put at 310°C under inert
conditions for 1 hr., and then the residual weight
of the samples was detected. The mean
percentage of weight loss in the samples was
18.584%.

Zinc ions concentrations in samples from
MOF material before and wupon activation
were determined using atomic
absorption  spectroscopy. = Samples  were

digested in HNO3:H,O, (4:1, v/v) solution, and
then diluted to the appropriate linear range.
Average Zn% (g/100 g) values were 15.895%
and 19.364% for the inactivated and activated
MOF; respectively.

Both substituted benzotriazole and the carboxyl
moiety in BMAB structure (Fig. 1) act as bis-
monodentate ligand with Zn atoms. Therefore,
the synthesized MOF has one of the chemical
structures shown in Table 1. By comparing the
detected Zn%-value using AAS and the
calculated Zn%-value for each proposed
structure in Table 1, the chemical composition of
the synthesized MOF can be confirmed to be
[Zn(BMAB).DMF].,.

Specific Surface Area (SSA) of the activated
MOF was determined using Langmuir isotherm
of the absorption of methylene blue (MB) [25].
The linear Langmuir equation type 1 (Eq.2), and
SSA equation (Eq.3) were employed for this
purpose.

Ceg _ (L .

q_eq - (Qm) Ceq + Kam (2)

SSA = ImxNxA (3)
1000XMyy

Ceq (mg/L) is the equilibrium concentration of MB,
Jeq and gm (mg/g) are the amount of MB
adsorbed by 1g of the stationary phase at the
equilibrium, and when a full monolayer of MB is
formed; respectively, K is the equation constant,
N is Avogadro’s number (6.019x10% mol™), A is
the surface area occupied by one molecule of
MB (197.2 A%, and M,, (g/mol) is the molecular
weight of MB.
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Fig. 3. (a) UV diffuse reflection spectra and (b) Kubelka-Munk function patterns of the
synthesized MOF. [Dotted and solid lines are for inactivated and activated structures;
respectively]
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Table 1. The potential structures of the synthesized MOF depending on the favorable linkage
capacity of zinc and the organic linker

Possible structure M, of the W% (g/100 g) of n Calculated W% (g/100 g)
[L=BMAB] activated the activated of zinc in the inactivated
structure structure structure
Zn4O[L];.nDMF 1082.33 (100-18.584) 3.3801 19.672
Zn3[OH][L],.5.nDMF 838.815 =81.416 26196  19.037
Zns[OH];[L]s.nDMF 1433.98 44783  18.560
Zng[OH]4[L]s.nDMF 1533.36 47886  20.828
Zn[L].nDMF 333.65 1.0419  15.953

Several concentrations of methylene blue in
distilled water were prepared in the range of 40—
80 mg/L. 0.2% of PVP 30 was added as a
suspending agent. 25 mg of the activated MOF
was suspended in 10 mL of each of the previous
solutions with frequent shaking for 6 hrs. to reach
the equilibrium state. Coq and qeq values were
spectrophotometrically determined at 665 n.m.
for the centrifuged suspensions. The linear plot
(Eq.2) was drawn according to the observed data
(Fig. 5). qm, value was then determined as 37.31
mg/g, and applied to the SSA equation (Eq.3). By
comparing the physical characteristics of the
methylene blue powder used in this work with the
different types of methylene blue hydrate
determined by Rager et al. [26], our methylene
blue is the Type-B hydrate with a mean
molecular weight of ~360.35 g/mol. The
calculated specific surface area of the activated
MOF is 122.90 m%g. The other three types of
Langmuir equation were also used and showed
quite similar results as SSA values were in the
range of 110.16—122.90 m*/g.

3.2 Chromatographic Evaluation of

[Zn(BMAB)],,

The properties of the activated MOF as a TLC
stationary phase was studied. UV-DRS spectra
were recorded for the prepared plates, which
were identical to the previously observed
spectrum of the MOF upon activation, confirming
that the preparation process of TLC plates does
not affect the activated structure.

The prepared mixture of benzidine and o-tolidine
was successfully separated on [Zn(BMAB)],—
coated TLC plates using the abovementioned
mobile phase, as two separated blue spots were
produced after incubation in the iodine
chamber (Fig. 6-b). The retardation factors (R)
were densitometrically determined (Fig. 6-a)
before iodine visualization at a wave length of
310 nm to be 0.45 and 0.63 for o-tolidine and
benzidine; respectively. The calculated
separation factor, and resolution were a=2.08,
and Rs=1.61.

0.25

y = 0.0268x + 0.0477
o R?=0.9898

0.1

Ceq/qeq

005

Ceq(mg/L)

[ 5

6 7

Fig. 5. Linear plot of Langmuir equation type-1 of the absorption of methylene blue on the
activated MOF
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Fig. 6. (a) densitogram, and (b) iodine visualization of the separated mixture of benzidine, o-
tolidine on [Zn(BMAB)],,-coated TLC plate using n-propanol:chloroform:acetonitrile (50:30:20,
vi/vlv) as mobile phase system

Both benzidine and o-tolidine consist of
hydrophobic biphenyl structure (Fig. 7), but with
primary amine groups which can play as 1
acceptors. These two reasons could explain why
both structures have a moderate retention on the
hydrophobic  [Zn(BMAB)], stationary phase.

(a)

However, o-tolidine is substituted with two methyl
groups making it less polar, and then may
experience slightly stronger retention on the
stationary phase and less elution by the polar
mobile phase, which illustrates the ability of this
chromatographic system to separate the mixture.

(b)

HyC
CH,

HoN

Fig. 7. The chemical structure of (a) Benzidine, and (b) o-Tolidine
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4. CONCLUSION

A new Zn-based MOF structure consists of a
bidentate organic linker with chemically distinct
binding groups was  synthesized and
characterized in this study. The chromatographic
evaluation of the synthesized [Zn(BMAB)], was
conducted using TLC, as it is considered a
simple, easy-to-prepare  technique. This
evaluation confirmed the ability of this stationary
phase to separate a model mixture of aromatic
amines. However, the high surface area and
permanent porosity in up to 375°C of the
activated form of this MOF material make it a
potential stationary phase for Gas
Chromatography. Besides, the exceptional
hydrophobic characteristic of [Zn(BMAB)], make
it possible for this material to be used in the
cartridges of Reversed-Phase Solid Phase
Extraction (RP-SPE). More studies are needed to
explore the beneficial characteristics of these
materials in Analytical Chemistry applications.
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